Bacterial class I release factors (RFs) are seen by cryoelectron microscopy (cryo-EM) to span the distance between the ribosomal decoding and peptidyl transferase centers during translation termination. The compact conformation of bacterial RF1 and RF2 observed in crystal structures will not span this distance, and large structural rearrangements of RFs have been suggested to play an important role in termination. We have collected small-angle X-ray scattering (SAXS) data from E. coli RF1 and from a functionally active truncated RF1 derivative. Theoretical scattering curves, calculated from crystal and cryo-EM structures, were compared with the experimental data, and extensive analyses of alternative conformations were made. Low-resolution models were constructed ab initio, and by rigid-body refinement using RF1 domains. The SAXS data were compatible with the open cryo-EM conformation of ribosome bound RFs and incompatible with the crystal conformation. These conclusions obviate the need for assuming large conformational changes in RFs during termination.
Introduction
Stop codons entering the ribosomal decoding center (DC) during messenger RNA (mRNA) translation are recognized by class I release factors (RFs) that bind to the ribosomal A site and induce hydrolysis of the ester bond between the peptide chain and tRNA in the P site (reviewed by Kisselev et al. [2003] ). In eubacteria, there are two class I RFs, RF1 and RF2, that recognize UAA and UAG or UAA and UGA, respectively (Scolnick et al., 1968) . In eukaryotes or archaebacteria, one class-1 RF, eRF1 or aRF1, respectively, recognizes all three stop codons (Beaudet and Caskey, 1971) . Archaebacterial and eukaryotic RFs are closely related in sequence but are almost unrelated to eubacterial RFs. One sequence motif alone is universally conserved, an essential GGQ tripeptide motif, believed to enter the peptidyl-transferase center (PTC) and trigger ester bond hydrolysis (Frolova et al., 1999) . This is supported by experiments showing that mutations in the GGQ motif inhibit ester bond hydrolysis and peptide release but not RF binding to the A site of the ribosome (Seit Nebi et al., 2000; Zavialov et al., 2002) . The tripeptide Q residue is N 5 -methylated both in eubacteria (Dincbas-Renqvist et al., 2000; Heurgue-Hamard et al., 2002; Pannekoek et al., 2005) and in S. cerevisiae , and this modification stimulates RF action (Dincbas-Renqvist et al. [2000] and V. Heurgue-Hamard, L.M., and R.H.B., unpublished data).
Genetic and biochemical evidence suggests that a unique peptide motif in bacterial RFs, PXT in RF1 and SPF in RF2 (Ito et al., 2000; Mora et al., 2003b) , and two peptide motifs, NIKS and YXCXXXF in eRF1 and aRF1 Kisselev et al., 2003; Seit-Nebi et al., 2002; Song et al., 2000) , recognize cognate stop codons by direct interaction with the mRNA in the A site. These observations suggest that RFs mimic tRNAs, both at the anticodon region and the aminoacyl-ACC terminus (Frolova et al., 1999; Ito et al., 2000) , which would imply that the codon recognition motif and the GGQ motif should span the distance of 75 Å between the DC and the PTC of the ribosome, as do the anticodon and CCA ends of tRNAs Suddath et al., 1974) .
The crystal structure of human eRF1 (Song et al., 2000) is consistent with this constraint (Yusupov et al., 2001) , but the distance between the SPF and GGQ motifs in the crystal structure of E. coli RF2 is only 23 Å (Vestergaard et al., 2001 ). This surprising result threw doubt on the prevailing interpretations of genetic and biochemical experiments in terms of known functional sites, and suggested that RFs in eukaryotes and eubacteria may function in significantly different ways. An equally short distance between the two motifs was subsequently found in crystal structures of RF1 from T. maritima (Shin et al., 2004) and Streptococcus mutans (accession number 1ZBT). This apparent dilemma was resolved by cryo-electron microscopic (cryo-EM) reconstructions of ribosome bound RF2 (Klaholz et al., 2003; Rawat et al., 2003) . In the crystal structures of eubacterial RFs, a loop in domain II containing the SPF/PXT motif and a loop in domain III containing the GGQ motif are close together. Domains II and IV form a ''core domain'' II/IV and are firmly bound to each other by numerous hydrogen bonds, salt bridges, and hydrophobic interactions (Kjeldgaard, 2003; Vestergaard et al., 2001 ). The core domain forms a large interface with domain III in this ''closed conformation.'' In the cryo-EM structure of RF2, the core domain is similar to that in the crystal structure, with the SPF motif in the DC. However, the interface between the core domain and domain III is disrupted, and domain III has undergone a rotation of about 75º and points toward the PTC, thereby allowing the GGQ motif to reach the PTC. In this open conformation, the orientation of domain I with respect to the core domain is also modified, by a rotation of about 30º.
Assuming that the solution structures of eubacterial RFs are in the closed form as in the crystal structures, it was suggested (Rawat et al., 2003) that the RF enters the ribosome in the closed form and that a cognate interaction between the SPF/PXT motif and a stop codon might trigger a major conformational change to the open form. This mechanism is attractive in that it offers a structural explanation for how the cognate interaction between an RF and a stop codon might be signaled to the PTC by opening the RF structure to allow a direct interaction of the GGQ motif with the PTC while the core domain remains in the DC. It suggests, however, different principles for stop-codon recognition in eubacteria and in eukaryotes, since eRF1 shows no closed form either in the crystal or in solution, as determined by smallangle X-ray scattering (SAXS) (Kononenko et al., 2004) . This would imply that stop-codon recognition must be signaled to the PTC in a way that is different from the mechanism proposed for RF1 and RF2 (Rawat et al., 2003) . In view of the independent evolution of eubacterial and eukaryotic RFs, such a possibility could not be excluded.
Here we have used SAXS to test the hypothesis that the solution structure of RF1 from E. coli is closed, as in the crystal structure of RF1 or RF2. SAXS gives orientation-averaged information about the solution structures of molecules with sizes in the range of 1-100 nm . The approach can be used to evaluate whether any given structure of RF1 is compatible with the SAXS data and therefore with the authentic solution structure of the molecule (Svergun et al., 1995; Svergun, 1999) . Since domain I of eubacterial RFs is likely to be flexible in solution, we have also analyzed a domain I-truncated variant of RF1 that is shown to be fully active in peptide release (Mora et al., 2003b) . We conclude that the solution structure of RF1 is open, as in the cryo-EM structures of the eubacterial RFs, and not closed, as in their crystal structures. Our results suggest that stop-codon recognition and peptide release occur according to similar principles in eubacteria and eukaryotes, and, in the light of the new data, we discuss how premature peptide release may be avoided.
Results
Solution Structures of Full-Length and Truncated RF1 from E. coli To study the solution structures of eubacterial RFs, we prepared solutions of full-length RF1 and RF2 from E. coli as well as of truncated variants of these factors lacking domain I. Monodisperse, concentrated solutions of full-length RF1 and its His-tagged truncated form dRF1 (residues 90-342, E. coli numbering) were obtained and used to collect SAXS data. Both the fulllength and the truncated forms of RF1 were active in termination in vitro as well as in vivo (Mora et al., 2003a) . Due to problems with precipitation, we were unable to obtain concentrated monodisperse solutions of either full-length or truncated RF2.
Molecular masses, estimated from the scattering curves for full-length RF1 ( Figure 1A ) and its truncated form dRF1 ( Figure 1B) , are in good agreement with the values computed from the corresponding sequences, as expected for monodisperse solutions. The radii of gyration (R g ) for RF1 and dRF1 were estimated from the scattering data (Figure 1 ) as 29 6 1 Å and 26 6 1 Å , respectively (see Figure 2 ). For comparison with the SAXS data, we designed a series of atomic models of full-length and truncated RF1 (Figure 3 , also see Figure S1 with the Supplemental Data available with this article online), based on existing crystal and cryo-EM structures of RF1 and RF2. The crystal structures of RF1 (Shin et al., 2004) and RF2 (Vestergaard et al., 2001) are annotated RF1_XTb and RF2_XTa, respectively. Models obtained by superimposing the domains in the crystal structure of RF1 on the cryo-EM structure of RF1 (U. Rawat, H. Gao, A. Zavialov, R. Gursky, M.E., and J. Frank, unpublished data) on the cryo-EM structure of RF2 based on Klaholz et al. (2003) or on Rawat et al. (2003) are annotated RF1_EMc, RF1_EMa, or RF1_EMb, respectively. Finally, the model obtained by superimposing the domains of the crystal structure of RF1 (Shin et al., 2004) on the crystal structure of RF2 (Vestergaard et al., 2001 ) is annotated RF1_XTa. The corresponding truncated protein models lacking the Nterminal domain I (residues 1-89), were given the same names with ''d'' as prefix.
For both the full-length RF1 and its truncated variant, the R g values estimated from the SAXS data are significantly larger than those computed from the crystallographic models, but they agree well with the R g values computed from the cryo-EM models (Figure 2 ). This simple analysis, already pointing to a solution structure similar to the cryo-EM models, was extended and refined by comparing the experimental SAXS data with simulations of the full scattering patterns from the structural models by using the program CRYSOL (Svergun et al., 1995) .
In general, the simulated SAXS curves from the models built on the closed conformation of either RF1 or RF2, as seen in their respective crystal structures, or built on molecular dynamics simulations (Ma and Nussinov, 2004 ) (see Table S1 ) fit poorly the experimental SAXS curves for both the full-length and truncated RF1. At the same time, the simulated SAXS curves from the models built on the open conformation of either RF1 or RF2, as seen in their cryo-EM structures, fit much better the experimental SAXS curves for full-length as well as truncated RF1 (Figures 1 and 2) . The best fits of model-simulated and measured SAXS curves were obtained for the full-length (RF1_EMa) and truncated (dRF1_EMa) variants of the model, designed from one (Klaholz et al., 2003) (PDB accession code 1ML5, 21 Å resolution) of the two cryo-EM reconstructions of RF2 ( Figures 3B, 1 and 4A ). The models ([d] RF1_EMc) based on the cryo-EM reconstruction of RF1 (U. Rawat, H. Gao, A. Zavialov, R. Gursky, M.E., and J. Frank, unpublished data; resolution 12.8 Å ) gave similar goodness of fit to the SAXS data, and the models ([d]RF1_EMb) designed from the other cryo-EM reconstruction of RF2 (Rawat et al., 2003) (PDB accession code 1MI6, resolution 12.8 Å ) also fit the SAXS data quite well. We note that the fits of simulated to measured SAXS curves were significantly better for the hexa-His-tagged than for the untagged versions of the models (see Supplemental Data for details).
We have also used the simulated annealing-based modeling program DAMMIN (Svergun, 1999) for ab initio solution structure determination from SAXS data for both full-length and truncated RF1. The 15 best models for each data set (which neatly fit the experimental data with discrepancy c = 1.25 for dRF1 and c = 0.85 for RF1) were compared to the conformation of RF1 in the crystal structure ([d]RF1_XTb) and to the cryo-EM models (d)RF1_EMa. The normalized spatial discrepancies (NSD) between ab initio models and experimental structures (Kozin and Svergun, 2001) were consistently smaller for the cryo-EM structure (mean values 1.3-1.4 and 1.6-1.7 for the open and closed forms, respectively). For both types of discrepancy, between the experimental and calculated scattering curves (c) and between the low-and high-resolution three-dimensional models (NSD), values around 1 indicate good agreement, and the higher the value, the worse the agreement (see definitions in Experimental Procedures). This means that the ab initio modeling restores the open and not the closed conformation (see also Table S2 and Figure S2 for details). Taken together, these data strongly suggest that full-length and truncated RF1 are present in solution in the open conformation seen by cryo-EM when RF2 (Klaholz et al., 2003; Rawat et al., 2003) or RF1 (U. Rawat, H. Gao, A. Zavialov, R. Gursky, M.E., and J. Frank, unpublished data) are bound to the ribosome, rather than the closed conformation seen in the crystal structures of RF2 (Vestergaard et al., 2001 ) and RF1 (Shin et al., 2004 ). Below we shall discuss the extent to which this conclusion might be influenced by possible flexibility and multiple conformations of the protein in solution.
Generation, Inspection, and Analysis of Random Models
In all structure determinations of eubacterial RFs up to now, domain I has appeared in different orientations in relation to the core domain II/IV (Klaholz et al., 2003; Ma and Nussinov, 2004; Rawat et al., 2003; Shin et al., 2004; Vestergaard et al., 2001 ) (also in U. Rawat, H. Gao, A. Zavialov, R. Gursky, M.E., and J. Frank, unpublished data). This is in line with the observation that domain I is loosely connected with the core domain II/IV via a loop region in both RF1 (Shin et al., 2004) and RF2 (Vestergaard et al., 2001) . Furthermore, domain III adopts slightly different conformations in the two crystal structures, and its orientation in relation to the core domain II/IV differs for the cryo-EM reconstructions of RF1 (U. Rawat, H. Gao, A. Zavialov, R. Gursky, M.E., and J. Frank, unpublished data) and RF2 (1ML5 [Klaholz et al., 2003 ] and 1MI6 [Rawat et al., 2003 ]) on the posttermination ribosome. Hence, it is conceivable that both domains I and III of full-length RF1 in solution can adopt conformations different from those observed in any of the experimentally determined structures of RF1 and RF2. The possibility to model the solution structure with two potentially flexible domains creates an ambiguity in the interpretation of the SAXS data (see Table S1 and Supplemental Discussion online). Since domain I is lacking in the truncated but fully active dRF1 variant, this type of ambiguity in the interpretation of the scattering data is absent. Therefore, SAXS data from truncated dRF1 were first used to determine the orientation of domain III in relation to the rigid core domain II/IV. For this, 200 models of dRF1 with domain III in random orientations were generated, including closed and open conformations of dRF1 (see Figure S1A) , and their simulated SAXS curves were compared with the experimentally determined SAXS curves. Only six out of these 200 random dRF1 models generated scattering curves that fit the experimental data in the same range as the scattering curves generated by the three cryo-EM models (dRF1_EMa, dRF1_EMb, or dRF1_EMc), and all six had an open conformation with domain III separated from the core domain II/IV ( Figure 4B ). Notably, none of the scattering curves computed from the random dRF1 models yielded a better fit than the scattering curve from the dRF1_EMa model (Figures 2 and 4B) .
To test if the experimental SAXS data originated from a mixture of molecules with domain III in different conformations, we also simulated the SAXS curve that would emerge if the 200 random model structures were simultaneously present in equal amounts in solution, by averaging the 200 simulated SAXS curves, and found a poor fit to the experimental scattering curve ( Figure 5 ). From this, we suggest that domain III does not move freely in relation to the core domain II/IV in the solution structure of dRF1.
These results strongly support the notion that truncated dRF1 and, by inference, full-length RF1 have open conformations in solution. They also suggest that domain III in dRF1 and RF1 is oriented as in the dRF1_EMa model. Accordingly, for further analyses of data from the full-length RF1 solutes, domain III was subsequently fixed in this orientation in models of full-length RF1, while the orientation of domain I was chosen randomly in a set of 100 models, well covering the three-dimensional space (see Figure S1B online and Experimental Procedures for details). In this set, a large number of models gave rise to scattering curves that fitted well with the experimental SAXS curve from RF1, and some fits were even better than the one obtained from the RF1_EMa model. These models have domain I in very different orientations ( Figure 4C ), suggesting that domain I may be flexible in solution. An average scattering curve, based on all 100 models with greatly varying orientations of domain I ( Figure 4C and Figure S1A ), was calculated and compared to the experimental SAXS curve for RF1. The fit was excellent, with discrepancy c = 1.07, even better than c = 1.12, obtained for the RF1_EMa model ( Figure 5 ). This is compatible with the view that domain I is highly flexible in solution, but does not exclude a fixed orientation. A list of the c values obtained for the 100 models with domain I in randomly chosen orientations is provided as Table S1 .
Rigid-Body Refinements
In an independent approach, a model of RF1 in solution was generated by rigid-body refinement from the highresolution structures of the individual domains. The program SASREF (Petoukhov and Svergun, 2005) uses simulated annealing to find an optimal configuration of the domains by simultaneous fitting of the SAXS data from the full-length and the truncated protein.
On the assumption that the structure of the truncated dRF1 is maintained in the full-length RF1, this approach excludes those compensatory changes in domains I and III that could have occurred if the rigid-body refinement were based only on the full-length RF1 data. Several independent SASREF runs, starting from different initial configurations, converged to models very similar to the open conformation observed for the ribosome bound forms of RF1 and RF2 as observed by cryo-EM. These models ( Figure 4A ) provide fits to the experimental data from truncated and full-length RF1 with typical values of c = 1.47 and c = 1.13, respectively, close to the fits obtained for the models dRF1_EMa and RF1_EMa with c values of 1.39 and 1.12, respectively. The resulting RF1 model is in an open conformation comparable to the cryo-EM models ( Figure 4A ). Thus, the SASREF approach gives further support to the conclusion that the solution structure of RF1 is open.
Oligomer Analysis of a Possible Mixture of the Closed and Open Forms
The program OLIGOMER (Konarev et al., 2003) Figure 6 ).
Peptide Release Activity of dRF1
Previous experiments showed that dRF1 is able to complement a thermosensitive mutant of RF1 when produced from a plasmid at the nonpermissive temperature of 42ºC (Mora et al., 2003a) . In view of the significance of dRF1 for the SAXS studies reported here, the activity of the truncated factor has been studied more closely by deleting the chromosomal copy of prfA and making cell survival entirely dependent on expression of dRF1 from an inducible promoter ahead of the gene encoding dRF1 on a plasmid. In the absence of the inducer IPTG, cell growth was very slow (about 10% of wild-type). With a low level of induction in the presence of 10 25 mM IPTG, cell growth on rich solid medium at 37ºC was indistinguishable from that of normal cells (data not shown), indicating that dRF1 can functionally replace the normal factor. Cell growth was cryosensitive, a phenotype also shown by prfC-inactivated mutants, which lack the class II release factor RF3 catalyzing the recycling of class I RFs . It is possible that the cryosensitivity is the result of slow recycling of dRF1, which would be consistent with the fact that N-terminal truncation of RF1 removes the domain interacting with RF3 (Mora et al., 2003b) .
Discussion
SAXS data provide rotationally averaged scattering profiles (Svergun et al., 1995; Svergun, 1999) and can be used to discriminate between preexisting protein models with sufficiently large differences in their tertiary structures by comparing calculated and observed scattering profiles. This strategy, supported by model independent ab initio solution structure determination (Svergun, 1999) and rigid-body modeling (Petoukhov and Svergun, 2005) , was used to characterize the solution structures of full-length and domain I-truncated variants of the eubacterial release factor 1 (RF1). Our results show these structures to be in open conformations, in which domain III is separated from the core domain II/ IV. This result is surprising, since it implies that the (2) scattering curves from the rigid-body model provided by SASREF, (3) averaged scattering over 200/100 generated models starting from the EMa model of dRF1/RF1. For full-length RF1, the averaged scattering from the models generated based on the crystallographic model with domain III in the closed conformation is given by curve (4). solution structure of RF1 and, by tentative inference, the solution structure of RF2 are open, in contrast to the crystal structures of RF1 (Shin et al., 2004) and RF2 (Vestergaard et al., 2001) , in which domain III forms an interface with the core domain II/IV. Instead, the solution structure of RF1 appears to be very similar to the ribosome bound cryo-EM structures of RF1 (U. Rawat, H. Gao, A. Zavialov, R. Gursky, M.E., and J. Frank, unpublished data) and RF2 (Klaholz et al., 2003; Rawat et al., 2003) , which all have open conformations. It should be stressed that the open conformation is clearly inferred from independent analysis of the scattering from RF1 and dRF1, so that the full-length and deletion mutant data complement and corroborate each other.
Our analysis was extended by simulating SAXS curves from a large number of structural models in which domains I and III were allowed to adopt random orientations in relation to the core domain II/IV. This approach made it possible to probe putative flexibilities of domains I and III in the solution structure of RF1, and to test possible structures other than the previously reported structures of RFs, as determined by X-ray crystallography or cryo-EM. The results of this analysis are inconsistent with a large degree of flexibility for domain III but suggest that domain I can move quite freely with respect to the core domain II/IV. In the cryo-EM reconstructions, which first described the open conformation, the domains from the crystal structures were superimposed onto the cryo-EM electron density, using loops from the crystal structures as hinge regions. The resolution of cryo-EM does not allow for assignment of putative newly formed secondary structure elements, like a helices, formed in the hinge regions during the transition from the closed crystal to the open forms of RF1 and RF2, and they also remain unassigned in the present analysis of the solution structure of RF1. Nevertheless, our conclusion that domain III has a fixed orientation in relation to the core domain II/IV in the open solution structure of RF1 suggests a stabilization of this conformation by as-yet-unknown secondary structure elements other than the loop regions.
The present observations suggest that the distance between the GGQ motif and the stop-codon-recognizing motif of each one of the eubacterial RFs is close to 75 Å already in their solution structures. Therefore, they are able to span the distance between the ribosomal DC and PTC without any conformational change of the RF upon ribosome binding. The distance between the NIKS motif involved in stop-codon recognition, and the GGQ motif in the crystal structure of the eukaryotic release factor 1 (eRF1), is about 80 Å (Song et al., 2000) , suggesting that eRF1 can also span the distance between the DC and the PTC without a major conformational change when it binds to the ribosome. If so, this would imply that the mechanisms for ribosome binding and codon recognition by eubacterial and eukaryotic RFs may, after all, be similar, in contrast to the earlier conclusion based on their strikingly different crystal structures (Vestergaard et al., 2001) .
Previously, we suggested how the cognate interaction between a stop codon in the ribosomal DC and a eubacterial RF is signaled to the ribosomal PTC by a conformational change of the RF from its closed to its open form, thereby bringing the GGQ motif in contact with the ribosomal PTC (Rawat et al., 2003) . Taken at face value, the present results refute this hypothesis. If, as we have found here, the solution structure of RF1 is like its ribosome bound form, then the ''signaling'' must work according to a different principle. It is essential for RF and tRNA selection by codon-programmed ribosomes that the accuracy of codon recognition is not wasted by too slow a release of factor or tRNA after the first binding event (Ehrenberg and Kurland, 1984; Kurland and Ehrenberg, 1987; Ninio, 1974) . We have found very slow, spontaneous dissociation of RF1 and RF2 from the posttermination ribosome (Freistroffer et al., 1997; Zavialov et al., 2001; Zavialov et al., 2002) . If dissociation of the RFs is equally slow from pretermination ribosomes (Klaholz et al., 2003) ], domain I is green, domain III is orange) and the crystal structure of RF1 (left, PDB code 1RQ0 [Shin et al., 2004] , domain I is turquoise, domain III is magenta). The core domain II/IV is colored in cream. The figure was produced in Pymol (DeLano, 2002) . before hydrolysis of the ester bond between the peptide chain and the P site tRNA, this would inevitably lead to a high frequency of erroneous termination events with sense codons in the DC. Since, however, RF1 and RF2, in spite of the absence of proofreading, discriminate extremely well against sense codons , we suggest that they dissociate much more rapidly from the pretermination than from the posttermination ribosome, but by another and perhaps less conspicuous mechanism than the one previously proposed (Rawat et al., 2003) .
The crystal structures of RF1 (Shin et al., 2004) and RF2 (Vestergaard et al., 2001) were obtained independently from factors purified from two different organisms and appeared in different crystal forms. Their closed crystal forms, very different from the solution structure of RF1, may thus have been favored in the crystal lattices (Andersson and Hovmoller, 2000) . The present analysis shows that, if there is equilibrium between open and closed conformations of RF1 ( Figure 6 ) in solution, it must be shifted almost completely toward the open form. In the closed crystal structures of RF1 and RF2, there is an interface between domain III and the core domain II/IV containing hydrophobic residues that are exposed to the solvent in the open form of the factors. In the RF2 family, several of these hydrophobic residues (226, 230, 264, 270, and 298 ; E. coli RF2 numbering) are conserved. There are only two conserved residues of this type in RF1 (89 and 193; T. maritima RF1 numbering), although additional hydrophobic but nonconserved residues (140, 142, 186, and 191) are located in the domain interface of T. maritima RF1.
The fact that we could obtain monodisperse solutions of RF1 but not of RF2 might be explained by the different sets of hydrophobic amino acids that become exposed during the transition from closed to open conformations of these proteins. The present results raise the question as to whether the crystal structures of RF1 and RF2 reflect a functional state of the factors or whether they occur only in the crystals and are without biological significance. Recent crystallographic data show that E. coli RF1 in complex with the RF methyltransferase PrmC does adopt a closed conformation and thus support the idea that this form is functionally relevant (Graille et al., 2005) .
In summary, RF1 exists in solution in an open conformation, with domain III in a fixed orientation separated from the core domain II/IV as in the cryo-EM reconstructions of the eubacterial RFs (Klaholz et al., 2003; Rawat et al., 2003) (and U. Rawat, H. Gao, A. Zavialov, R. Gursky, M.E., and J. Frank, unpublished data) . Our data are compatible with domain I being either flexible or held in a fixed orientation in relation to domains II/IV and III in the solution structure of RF1. Our results radically change current views regarding the mechanism of termination of eubacterial protein synthesis.
Experimental Procedures
Sample Preparation E. coli RF1 was purified from an overproducing strain as previously described (Dincbas et al., 1999) . Truncated His-tagged E. coli RF1 was purified as described (Mora et al., 2003b) , with the following modifications: cultures of transformed cells were grown in LB, ampicillin (200 mg/ml) at 42ºC to an OD 600 of 0.5. At 14ºC, the cells were induced with 1 mM IPTG and incubated for 15 hr. After cell lysis and purification of dRF1 on Ni chelation resin (Sigma), the protein was subjected to partial ammonium sulfate precipitation in the range of 1-2 M (NH 4 ) 2 SO 4 , redissolved at a concentration of 7 mg/ml in buffer (20 mM Tris-HCl [pH 7.5], 100 mM NaCl), and immediately purified by size exclusion in the same buffer. Eluting 0.5 ml fractions were kept separate for the SAXS data collection. Finally, the purified proteins were dialysed against the size exclusion buffer. For fulllength RF1, 2 mM MgSO 4 and 1 mM DTE were added. All chemicals were of analytical grade.
Data Collection and Initial Data Treatment
The synchrotron SAXS data were collected on the X33 camera of the European Molecular Biology Laboratory on the storage ring DORIS III (DESY, Hamburg, Germany [Koch and Bordas, 1983] ). Scattering from RF1 protein solutions with concentrations between 1 and 10 mg/ml was measured at 20ºC at a wavelength of l = 0.15 nm, using a linear gas detector (Gabriel et al., 1994) , in the momentum transfer range 0.01 < s < 0.35 Å 21 (s = 4p sinq/l, where 2q is the scattering angle). dRF1 samples were measured at concentrations between 1 and 3 mg/ml at 4ºC and 20ºC, using a MAR345 Image Plate detector, in the momentum transfer range 0.01 < s < 0.45 Å 21 . Repetitive exposures of the same protein solution performed in 1 and 5 min time frames for the gas and Image Plate detector, respectively, indicated no changes in the scattering patterns with time, i.e., there was no measurable radiation damage for the RF1 and dRF1 samples. The data were normalized to the intensity of the transmitted beam and corrected for the detector response, and the difference curves after buffer scattering subtraction were extrapolated to infinite dilution using the program PRIMUS (Konarev et al., 2003) . The radii of gyration R g were evaluated by the program GNOM (Svergun, 1992; Svergun et al., 1988) . The molecular masses of the solutes were estimated by comparing the extrapolated forward scattering I(0) with that of a reference solution of bovine serum albumin.
Modification of Initial Test Models
Structural water molecules were removed from the 1.8 Å crystal structure of E. coli RF2 (PDB code 1GQE) (Vestergaard et al., 2001) , resulting in the model named RF2_XTa. Missing residues (A208-A211, A269-A278, and A334-A342) in the 2.65 Å T. maritima RF1 crystal structure (PDB code 1RQ0, molecule A) (Shin et al., 2004) were modeled based on the crystal structure of RF2 (Vestergaard et al., 2001) . Although invisible in the crystal structure, these residues contribute to the SAXS. This model is denoted RF1_XTb and has E. coli RF1 sequence.
The domains from RF1_XTb were superimposed onto the RF2 crystal structure, resulting in the model RF1_XTa. The domains were also superimposed on the cryo-EM models of ribosome bound RF2 obtained at 21.0 Å (Klaholz et al., 2003) and 12.8 Å (Rawat et al., 2003) resolution (PDB codes 1ML5 and 1MI6) , and these models are named RF1_EMa and RF1_EMb, respectively. Coordinates of the 12.8 Å resolution reconstruction of ribosome bound RF1 were modified to include residues 208-216 and 269-278, and resulted in the RF1_EMc model (U. Rawat, H. Gao, A. Zavialov, R. Gursky, M.E., and J. Frank, unpublished data).
Coordinates representing two molecular dynamics simulations of RF2 (Ma and Nussinov, 2004) were kindly provided by Professor Byuong Ma. Models of the truncated factors were made by deleting domain I from the above models (residues 1-89, E. coli RF1 numbering), with and without a modeled C-terminal hexa-His-tag (green in Figure S1A ). All models were made using the program O (Jones and Kjeldgaard, 1997) .
Ab Initio Modeling
The ab initio program DAMMIN (Svergun, 1999) employs simulated annealing to reconstruct the particle shape at low resolution by searching for a compact bead model minimizing the discrepancy between the experimental curve and that calculated from the model
where N is the number of data points and c is a scaling factor. I exp (s j ), I calc (s j ), and s(s j ) are the experimental intensity, the calculated intensity, and the experimental error at the momentum transfer s j , respectively. Fifteen independent bead models for both truncated and full-length protein were compared to the models (d)RF1_EMa and (d)RF1_XTa by the program SUPCOMB (Kozin and Svergun, 2001 ). This program automatically aligns two arbitrary three-dimensional models (in this case, a low-resolution ab initio model with either a high-resolution crystallographic or a cryo-EM model) by minimizing the normalized spatial discrepancy, which also provides a quantitative measure of agreement between the two three-dimensional models (Kozin and Svergun, 2001 ).
Generation of Random PDB Models
Random models were generated using the program CNS (Brunger et al., 1998) . The script ''anneal.inp'' was modified to exclude energy contributions from diffraction data. Torsion angle molecular dynamics simulations were performed, and the number of molecular dynamics steps at the initial temperature was increased from the default six to 100 steps. The initial temperature was set to 30,000 K, and a cooling rate of 100 K per step was used. To generate models of dRF1 with domain III movements, only linkers (residues [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] Figures 3A and 3B) connecting domain III to the core domain II/IV were modified, resulting in rigid-body movements of domain . One hundred models were generated using dRF1_EMa as the starting model. An additional 100 models were made using dRF1_XTa as the starting model. To generate 100 models of full-length RF1 with domain I movements, residues 1-77 were defined as a rigid body moving at the end of a nine residue linker (residues 78-86; Figures 3A and 3B ), while the remaining part of the structure was kept fixed in the position corresponding to dRF1_EMa. See Supplemental Discussion for additional analysis of alternative models.
Data Analysis and Generation of a Solution Structure
The SAXS patterns from the atomic structures and models were calculated with the program CRYSOL (Svergun et al., 1995) . For simulating a flexible domain III in dRF1 or a flexible domain I in RF1, the theoretical averaged scattering intensities from the CRYSOL output files for each class of models were calculated and fitted to the experimental data. For the rigid-body modeling of RF1/dRF1, the scattering amplitudes from the individual domains were calculated using CRYSOL, and positions of the core domain II/IV were fixed (domain borders as above). The program SASREF (Petoukhov and Svergun, 2005) employs a simulated annealing protocol performing random movements/rotations of domains I and III while requiring polypeptide chain connectivity and avoiding steric clashes. At each simulated annealing step changing the positions of domain I or III as rigid bodies, scattering from the full-length model and the domain I-truncated model was computed to ultimately simultaneously fit the two scattering curves from RF1 and dRF1.
Cell Growth Dependent on dRF1
The prfA gene on the chromosome was inactivated by insertion of a tetR-tetA cassette, essentially as described for the inactivation of prfB (Mora et al., 2003b) . Homologous recombination with linear DNA in a recombination-proficient strain (Yu et al., 2000) expressing wild-type RF1 from a plasmid resulted in the deletion of prfA and the downstream prmC gene becoming expressed from the tetA promoter. The prfA region was transduced with phage P1 to strains expressing dRF1 from a plasmid, under the control of the IPTG inducible trac promoter (Mora et al., 2003b) .
Supplemental Data
Supplemental Data include two figures, two tables, Supplemental Discussion, and Supplemental References and can be found with this article online at http://www.molecule.org/cgi/content/full/20/6/ 929/DC1/.
